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The electrical parameters of silicon samples diffusion doped by europium impurity atoms were studied
by Van der Pauw (VDP) method. The experimental results were examined, particularly the surface mor-
phology using an Atomic Force Microscope (AFM). The lattice constant of the materials was calculated
with the help of Bragg-Brentano's law using X-ray diffraction on the XRD pattern of the Si<P,Eu> sample.
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1. INTRODUCTION

Based on the results of research conducted by scien-
tists and specialists on the formation of compounds of
elements belonging to the lanthanides group in single
crystalline silicon, the authors have revealed the possi-
bilities of obtaining novel materials that can be used to
create modern sensors and magnetic electronic devices
[1-4]. The interest in this field is partially motivated
not only by the chance to design the technology for
obtaining new materials, but also to study their basic
physical properties that still remains an urgent issue in
the physics of semiconductors. Based on the scientific
analysis of the literature, the observation of ferromag-
netic state in silicon with dopants of lanthanide series
of chemical elements is explained by the parallel ar-
rangement of magnetic moments of dopant atoms in
the crystal bulk. Since metals have a high concentra-
tion of electrons, it is relatively easy to control their
spins. Semiconductor materials, particularly silicon,
are diamagnetic materials. It was shown in work [5]
that it is possible to change the magnetic properties of
initial silicon by introducing the elements belonging to
the lanthanides group with high spin ordering to sili-
con. The obtained results make it possible to apply the
semiconductor silicon material in the creation of mag-
netic sensors for spintronic, for example, in the produc-
tion of spin transistors There is an increasing interest
in controlling its magnetic properties by introducing 4f
group elements into silicon. The spin of 4f7 electrons in
the outer electron shells of Eu atoms is equal to S = 7/2.
It is of scientific and practical importance to study the
magnetic properties of silicon by introducing Eu and
dopant atoms.

2. METHODOLOGY

The dopant atoms of 99.999 % (product of Hebei
Suoyi New Material Technology Co., Ltd.) chemically
pure europium (Eu) metallic element selected as do-
pant atoms were diffused from the gaseous state into
the initial n-type silicon. In this case, the relative re-
sistance of the initial silicon p=6; 40; 60 and 80 Q-cm
were selected and prepared with geometric dimensions
of 8 x4 x 1 mm3. In an MG17-60/300 electric tube fur-
nace, at a temperature of 7'= 1200 + 1350 °C and in the
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interval of =6+ 15 hours, the deposed atoms were
diffused into the silicon from the gaseous state. After
diffusion, the silicon samples were cooled by steady
stepped cooling procedure. Due to the tiny diffusion
coefficient of europium atoms, the penetration depth of
lead atoms into silicon was small. In this case, it was
found that the interstitial atoms are located in the
lattice node instead of the reference silicon atoms in the
crystal lattice of silicon single crystal [6, 7].

3. RESULT AND DISCUSSION

The electro physical parameters of silicon samples
obtained after diffusion were studied using the
ECOPIA HALL HMS-3000 device. The main goal of the
research was to create and increase the concentration
of clusters consisting of a combination of atoms on the
surface of silicon. The larger the number of clusters of
atoms on the surface of silicon are, the greater magnet-
ic sensitivity of the sample will. The maximum solubili-
ty concentration of europium atoms in silicon is in the
range of N=10!%+ 10 cm 3 [8, 9]. As a result of the
experiment, the distribution of the concentration of
europium atoms in silicon was obtained (Fig. 1) as fol-
lows.
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Fig. 1 — Distribution of the concentration of europium dopant
atoms on silicon surface and subsurface layer
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Table 1 — Data on electro physical parameters after diffusion of europium atoms into silicon single crystal are given in

Samples Conductivity Resistivity of reference | Mobility of charge carri- | Concentration of current
type sample; p, Q-cm ers; u, cm?/V-s carriers; N, cm 3

KEF*—-80 n 73 1077 7,9-1013

KEF - 40 n 38,6 978 1,65 - 1014

KEF -6 n 6,93 571 1,1-101

Si<Eu> KEF — 80 p 0,018 191 1,8-1018

Si<Eu> KEF — 40 p 0,0136 204 2,24 - 1018

Si<Eu> KEF - 6 D 0,12 309 1,26 - 1017

* KEF — phosphorus doped silicon

Fig. 2 — Images of the surface condition of Si<P,Eu> samples
obtained in AFM
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Fig. 3 — Si<P,Eu> samples in AFM peaks formed by interven-
ing atoms in the length range of 0 + 25 um

The study of the positions of atoms on the surface of
silicon samples doped with europium impurity atoms
was carried out using an atomic force microscope
(AFM) installed at Ege University (Izmir, Turkey).
AFM provides information and images on position of
atoms on the surface of the material. In AFM, the elec-
tric field of the conducting surface potential allows
measuring the magnetic domains. There are three
main methods for measuring the height of the charge
state of atoms in the images obtained in the AFM, his-
togram analysis, one point at the top and bottom of the
surface structure, and a line corresponding to its top
and bottom [11].

Another interesting way to analyze AFM images ob-
tained by scanning a small controller on the surface of
a silicon sample doped with europium doped atoms
using AFM is to provide information on the number of
atoms in the resulting peaks. The number of atoms in
the cluster corresponding to the peak observed in the
spectrum of 12.5 um on the surface of the silicon in the
image obtained by AFM was 1,6 - 10 (Fig. 4).
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Fig. 4 — Data determined on the basis of gwyddion software analy-
sis of the results obtained in the AFM of the Si<P,Eu> sample. a)
morphology of the sample surface, b) 3D image of the sample, c)
texture of the sample surface, d) degree of roughness of the sample
surface

During the study of the silicon surface by AFM,
samples with a size of 400 x 400 um and a thickness of
1 um were selected and the morphology of the surface
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structure was studied.

According to the information in the scientific litera-
ture, it was determined that the crystal structure of
europium is R-shaped, and the lattice constant is equal
to 5.144 A [12, 5]. Investigation of the lattice constant
of silicon samples obtained after diffusion was carried
out using X-ray diffraction.
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Fig.5 — X-ray diffraction (XRD) a) diffractogram of Si<P>
sample b) diffractogram of silicon doped with europium atoms

Periodically ordered structures can be studied at
the atomic scale using X-ray diffraction. The XRD
method is used to study the structure of monocrystal-
line or polycrystalline materials. Based on the X-ray
diffraction produced by this method, structural changes
in the silicon crystal lattice can give an opportunity to
determine. The rays emitted from the X-ray tube pass
through the silicon sample and are reflected on the
screen and fall on the detector. Scattered X-rays are
subsequently added to each other. The diffraction im-
age formed in this combination is used to determine the
structural composition of materials using Bragg's law
[13]. The following formula is used to calculate the
distance in the crystal lattice using Bragg's law:

ni= Zdhkl sin 6. (2)
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In this case, the distance between the crystal lattice
and the lattice constant references in the following
way:

ni

dnkt = 555 3)
a= dhkl ' m. (4)

Fig. 5 shows the structure of the crystal lattice of
silicon samples with europium interstitial atoms.
260=28,30° of X-ray signals 44,64°; and the peaks at
64,86° belonged to the planes in the silicon lattice in
the [14] crystal direction. Signals related to EuO com-
pound 26= 30,1°; gave peaks. Based on the analysis of
experimental results, the size and lattice constant of
the formed impurity atom cluster were determined
(Table 2).
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Fig. 6 — Magnetic resistance as a function of magnetic field in
p-type Si<P,Eu> samples
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The Hall method is used to determine the magnetic
resistance of the sample, here: U, — the voltage between
the probes, S — the surface of the sample, current flow-
ing through the I —sample, [ — the length of the sample.

The magnetic resistance of the samples is described
by the following expression:

Ap _ pB =P (6)

We relate this given formula of magnetic resistance
to the current flowing through the field.

pp—p _ I-Ip (7)

here is pB — the relative resistance of the sample in the
magnetic field; p—the magnetic field-free dependence
of the resistivity in the sample; Ig — the magnetic field
of flowing current in the sample; I — the magnetic field-
free of flowing current in the sample:

In the graph shown in Figure 6 above, it can be seen
that the magnetoresistance property of Si<P,Eu> has
increased by B=0—2TLl, T =300 K, Ap/p = 54%.
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Table 2 — The size and lattice constant of the formed impurity atom cluster of Si<P,Eu>

The element name | Wave length | Miller index, Bragg angle Intermediate dis- | The constant of
2, (A) hkl 6, (degree) tance, dnel, (A) the lattice, a, (A)

Si 1,5406 111 14.15 2,9666 5,1382

EuO 1,5406 111 15.05 3,1510 5,445

4. CONCLUSIONS

The analysis of the above experimental results
shows that when europium impurity atoms are diffused
into silicon in gaseous state, the clusters consisting of
europium impurity atoms are formed on the surface
and subsurface layer of silicon. The clusters of the
formed europium impurity atoms alter not only the
electro physical parameters of the obtained material,
but also the properties of the magnetic sensitivity.
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MarsxiTHi BJ1aCTUBOCTI KPEMHiIO, JIETOBAHOIO JOMIIIKOBUMHA ATOMAMY €BPOIIiI0
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Metomom Ban-gep-Ilay (BJII) gocmaimkeHo elekTpuyHi mapaMeTpu TUQY3iAHO JIErOBAHNX ATOMAMU €B-
porriio 3paskiB kpeMHio. ExcepuMeHTaIbHI pe3yIbTaTH, 30KpeMa MOPQOJIOrio MOBEPXHI, TOCIIIIKYBAIN 34
JIOTIOMOTO00 aTOMHO-cuJ10Boro mikpockona (ACM). Crasna rpatku martepiamis Oysa po3paxoBaHa 3a JOIOMO-
row 3akoHy bBperra-BpeHTano 3 BHKOpPHCTAHHAM PEHTITEHIBCBKOI AuQpPAaKIi HA peHTreHOrpami 3paska

Si<P,Eu>.

Kmiouosi cnosa: AFM, XRD, Bperr-Bpenrano, Penrreniscbke BumpominoBauisa, Crana rpateu, IHmexc

Minnepa, Kyt Bperra.
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